Mg-K mafic intrusive rocks are commonly observed during the late stages of the evolution of orogenic belts. The Variscan French Massif Central has many outcrops of these rocks, locally called vaugnerites. Such magmas have a mantle-derived origin and therefore allow discussion of the role of mantle melting and crust-mantle interactions during late-orogenic processes. In the Southern Velay area of the French Massif Central, LA-ICPMS U-Pb dating on zircons and monazites from three vaugnerites and four coeval granites reveals that the two igneous suites formed simultaneously, at c. 305 Ma. This major igneous event followed after an early, protracted melting stage that lasted for 20-30 My and generated migmatites, but the melt was not extracted efficiently and therefore no granite plutons were formed. This demonstrates that widespread crustal anatexis, melt extraction and granite production were synchronous with the intrusion of vaugneritic mantle-derived melts in the crust. The rapid heating and subsequent melting of the crust led to upward flow of partially molten rocks, doming and collapse of the belt.
Introduction
The Mg-K mafic magmatic suites correspond to a highly heterogeneous group of igneous rocks closely associated with post-collisional granitic suites (see review in Bonin 2004). Their relative scarcity but systematic occurrence throughout most orogens makes them particularly useful as markers to understand the evolution of the lithosphere at the end of major orogenic episodes. In the European Variscan belt for instance, various types of such rocks are diversely known as "vaugnerites" in the French Massif Central (Sabatier 1980; Michon 1987; Sabatier 1991) , "durbachites" in the Vosges (Gagny 1979) , Schwarzwald (Kober and Lippolt 1985) and Bohemian Massif (Holub 1997a, b; Janoušek et al. 1997; Gerdes et al. 2000; Kotková et al. 2003 Kotková et al. , 2010 , shoshonites, appinites and lamprophyres in central Spain (Castro et al. 2003; Perini et al. 2004; Scarrow et al. 2008 Scarrow et al. , 2009 Molina et al. 2012) . Older examples include the Caledonian appinites (Fowler 1988; Bowes and Košler 1993; Fowler et al. 2008; Murphy 2013) , and even the Archaean "sanukitoids" (Martin et al. 2010; Fowler and Rollinson 2012) . Given that a mantle source has been invoked in the petrogenesis of all the above examples, these rocks can be used to address the question of mantle input, through mass and/or heat transfer, during crustal melting and granite production.
The vaugnerites of the French Massif Central are Mg-K-rich biotite-rich diorites. Although many petrological types are known (see review in Sabatier 1991) , all examples share the same key characteristics: major minerals are biotite, plagioclase, hornblende, interstitial quartz and K-feldspar, minor clinopyroxene, and rare orthopyroxene (Montel 1988) ; accessory phases such as apatite, zircon, allanite and titanite are abundant (Montel and Weisbrod 1986) . Vaugnerites usually crop out as intrusive bodies or enclaves in coeval felsic rocks (Sabatier 1991) . They are well-exposed at the southern border of the Velay Complex, a large anatectic dome of migmatites cored by a heterogeneous, cordierite-bearing, S-type granite ).
The aim of this study is to constrain the temporal relationships between crustal melting and Mg-K mafic magmatism in the southern Velay, on the basis of field observations of vaugnerites coupled with U-Pb dating on zircon and monazite. Determining the chronological framework of the melting events allows us to constrain the crustal evolution in the region at the end of the Variscan orogeny.
Geological setting
The Variscan belt of Europe formed between c. 400 and 280 Ma as a result of the convergence between Laurussia, Gondwana and intervening microplates (Matte 1986; Edel 2001; Guy et al. 2011; Kroner et al. 2013) . The French Massif Central is a Gondwana-derived microcontinent (Melleton et al. 2010) accreted to Laurussia in Devonian to Carboniferous times (e.g. von Raumer et al. 2003) . A large portion of the Eastern French Massif Central is occupied by the Velay Complex, a c. 100 by 100 km migmatite dome (Lagarde et al. 1994; Ledru et al. 2001) . A large volume of peraluminous granite forms its core (Williamson et al. 1992; Lagarde et al. 1994; Downes et al. 1997; Ledru et al. 2001) , and cuts across the Early Carboniferous nappe stack (Faure et al. 2009 and references therein). The Southern Velay area experienced a polymetamorphic evolution during the Variscan orogeny, described as a succession of four major tectono-metamorphic events (Marignac et al. 1980; Montel et al. 1992) . They affected two contrasting lithologies ( Fig. 1 ): the Cambrian "Ardèchois" orthogneisses (R 'Kha Chaham et al. 1990; Alexandre 2007; Melleton et al. 2010) ; and the possibly Precambrian to Ordovician "Cévenol" metasediments (Pin and Marini 1993; Caron 1994; Roger et al. 2004; Melleton et al. 2010) . • D 1 is inferred from relicts in high-grade (eclogitic) units, mostly north and west of our study area Berger et al. 2010) ; the eclogitic metamorphism (M 1 ) is dated (U-Pb on zircons) at c. 410-430 Ma in various outcrops of the Massif Central (Pin and Lancelot 1982; Ducrot et al. 1983; Paquette et al. 1995; Berger et al. 2010 ).
• D 2 collisional nappe stacking linked to N-S compression (Marignac et al. 1980 ) caused the regional foliation. This event was associated with a syn-collisional MP-MT Barrovian metamorphism (M 2 ). Syn-metamorphic shearing has been dated at around 340-335 Ma ( 40 Ar-39 Ar on biotite and amphibole), both south (Cévennes: Caron 1994) and north (Lyonnais: Costa and Rey 1995) of our study area.
• D 3 corresponds to NW-SE extension (Faure et al. 2009 ) associated with a LP-HT metamorphism M 3 that reached partial melting conditions with biotite remaining stable: T < 750 °C, P ≥ 5 kbar (Montel et al. 1992 ). In the field, rocks affected by the M 3 event are cordierite-free, stromatic migmatites developed at the expense of both ortho-and paragneisses. Monazite U-Th-Pb (EPMA) dating of anatectic paragneisses yielded ages of 329 ± 5 (Be Mezeme et al. 2006 ) and 323 ± 3 Ma (Cocherie et al. 2005) . However, monazite dating by ID-TIMS gave a younger age of 314 ± 5 Ma (Mougeot et al. 1997) . A HT shear zone, the Mylonitic Metamorphic Vellave Zone (MMVZ) (Bouilhol et al. 2006) , developed during the M 3 event and brought the greenschist-to amphibolite-facies Cevennes schists in contact with high-grade metamorphic rocks from the "Ardèchoise" and "Cévenole" series. According to Bouilhol et al. (2006) , the MMVZ reflects the uplift of the Velay Dome, but the timing of this ascent has remained disputed and in other studies the doming was associated with the M 4 event (Barbey et al. 1999; Ledru et al. 2001) . The syntectonic (D 3 ) S-type Rocles granite (Weisbrod 1970) (Fig. 1) has been dated at 324 ± 4 (EPMA on monazite, Be Mezeme et al. 2007 ).
• D 4 is represented by NNE-SSW transtension. Regionally, it corresponded to the development of strike-slip shear zones such as the Sillon Houiller (Faure et al. 2009 ). In the northern part of the study area ( Fig. 1) , D 4 was associated with a M 4 metamorphism recording a regional temperature increase, leading to fluid-absent biotite melting in the cordierite stability field. The P-T estimates are 760 < T < 850 °C and 2 < P < 5 kbar (Montel et al. 1992) . The M 4 migmatites are nebulitic to diatexitic and cordierite-bearing; it is sometimes possible to still recognize their protolith ("Ardèchois" orthogneisses or "Cévenol" paragneisses). The D 4 /M 4 event was synchronous with emplacement of the main cordierite-bearing anatectic Velay granite which has been dated at 298 ± 8 (Rb-Sr whole-rock, Caen-Vachette et al. 1982 ) and 301 ± 5 Ma (U-Pb monazite, Mougeot et al. 1997) .
The age of the Borne-Largentière I-type (sub-alkaline) granitic complex ( Fig. 1) is unclear. A Rb-Sr whole-rock age of 315 ± 5 Ma was determined by Mialhe (1980) , linking it with the D 3 event as proposed by Weisbrod (1970) . On the other hand, two samples from the MontLozère Complex, the western part of the Borne granite wrenched by the sinistral movement of the Villefort Fault, gave TIMS zircon ages of 303 ± 3 Ma (Brichau et al. 2008 ), 307 ± 5 Ma and 307 ± 11 Ma (François 2009 ), i.e., closer to D 4 .
The whole area was affected by rapid uplift and cooling in the last stages of Variscan evolution as recorded by U-Pb apatite ages clustering around 290 Ma (Mougeot et al. 1997) . The Velay granite and related M 4 migmatites are cross-cut by late granites belonging to two main suites, the Quatre-Vios and Tanargue granite, (Montel and Abdelghaffar 1993) . The previously published Permian Rb-Sr ages (e.g. 274 ± 7 Ma for a Quatre-Vios granite, Caen-Vachette et al. 1982 ) are now believed to reflect late isotopic disturbance: the Montasset granite ( Fig. 1 ) yielded pristine monazites with a LA-ICP-MS age of 307 ± 2 Ma, and fluid-altered monazites with scattered ages suggesting reopening of the isotopic system between 270 and 290 Ma (Didier et al. 2013 ).
Mg-K mafic intrusive rocks relationships to their hosts
Vaugnerites in the study area crop out in various settings (Fig. 2 , and Electronic Appendix 1), depending on the nature of the host and its anatectic history.
Vaugnerites in orthogneisses
The vaugnerites intruding orthogneisses are generally meter-sized bodies (although they can occur in large swarms, such as at Pey Plot) and are fine-to mediumgrained. They form lenses that are concordant with the regional foliation of ("Ardéchois") migmatitic orthogneisses (Fig. 2a) . The cores of the bodies display an isotropic, probably magmatic texture whereas the rims have a cleavage that can be attributed to emplacement-related deformation. The vaugnerite bodies are commonly surrounded by small volumes of fine-grained granites, connected with surrounding leucosomes in the gneisses and therefore probably representing melt segregated from the partially molten gneisses. Interpenetrating textures and the feathered appearance of the contacts between vaugnerites and immediately surrounding fine-grained granites demonstrate that both were molten at the same time. Thus, our favoured interpretation is that the vaug nerites intruded a partially molten host, causing additional melting and/or melt segregation around the mafic bodies. One sill of orthogneiss-hosted vaugnerite was dated by Ait Malek (1997) at Pey Plot using U-Pb TIMS on zircons; this gave an upper intercept age of 314 ± 3 Ma.
Vaugnerites in paragneisses
Vaugnerites intruding metatexitic to diatexitic paragneisses are medium-to coarse-grained stocks and sills (Fig. 2b) , ranging from 2 to 50 m in length. These intrusive bodies cut across the regional foliation (Fig. 2b) or were emplaced in low-strain domains such as axial planes of folds (Ait Malek 1997) . These vaugnerites are often surrounded by felsic, plagioclase-and biotite-rich, sometimes tourmaline-bearing, pegmatoids. The outcrop shape of vaugnerites correlates with the type of migmatites in which they intrude: vaugnerites in cordierite-free, M 3 migmatites (mostly metatexites) tend to form sills. This is the case for the Loubaresse sill (our sample 39, Fig. 1 ), previously dated by U-Pb TIMS on zircons by Ait Malek (1997) at 313 ± 3 Ma (upper intercept). In contrast, vaugnerites in M 4 cordierite-bearing migmatites (diatexites commonly) often form rounded masses, for example at Pont-de-Bayzan (figure 2b, our sample 29A, Fig. 1) or Meyras (our sample 42, Fig. 1 ), which gave an age of 308 ± 6 Ma using TIMS on zircons (Ait Malek 1997).
Vaugnerites associated with granitic bodies
Meter-size vaugneritic enclaves are enclosed by most granites in the area. The coeval ascent and crystallization of mafic and felsic melts are evidenced by lobate contacts and intricate shapes (Fig. 2c) . Such mingling features are well-exposed north-west of Burzet where a fine-grained vaugnerite, the "Peyron diorite" (Didier et al. 1987 ) and a coeval biotite-bearing granite cut across the heterogeneous cordierite-bearing Velay granite (our sample 15D, Fig. 1 ). Vaugnerite is also found within other late granites (such as the Tanargue granite, our sample 55, Fig. 1 ) or the main, heterogeneous Velay granite (sample 20B, Fig. 1 (resulting from mingling between ordinary vaugnerites and porphyritic granite) and the porphyritic potassic amphibole-bearing Largentière granite ( Fig. 1 ) intrude the M 3 amphibolite-facies Cévennes micaschists (Palm 1957) . The Largentière granite is similar to the Borne Pluton and is regarded as an offshoot of this (Weisbrod 1970) ; indeed the Borne granite has very common mafic microgranular enclaves of vaugneritic composition (Mialhe 1980) . The Largentière vaugnerites and granites crop out in a 400 meters long polished river bed displaying many examples of the mingling textures ( Fig. 2c ).
U-Pb geochronology

Sample selection and techniques
Seven samples were selected for LA ICP-MS geochronology (Tab. 1), with the aim of constraining the timing of vaugnerite emplacement. Therefore, we dated either vaugnerites directly or granites demonstrably coeval with the vaugnerites. Details of the field relationships and sample descriptions are given in Electronic Appendix 1. A vaugnerite (29A) stretched in the foliation of a migmatitic orthogneiss at Pont-de-Bayzan ( Fig. 1 ) was chosen to constrain the emplacement age of the most deformed intrusions, presumed to be the oldest in the study area. The Loubaresse sill (39) and a rounded vaugnerite at Meyras (42), both corresponding to samples previously dated by Ait Malek (1997) , were selected as representative of the two main types of paragneiss-hosted vaugnerites; this also allowed comparison of our LA-ICP-MS results with previously published TIMS data. Four granites, closely associated with vaugnerites, were also dated ( Fig. 1 ): a heterogeneous cordierite-bearing Velay granite (20B) displaying ductile interactions with a vaugnerite sampled north of Burzet; a biotite-cordieritebearing slightly porphyritic Tanargue granite (55) closely associated with a vaugnerite cropping out in Chadenet; a biotite-bearing Peyron granite (15D) that intruded the Velay granite and was synchronous with the "Peyron diorite" (Didier et al. 1987 ). Finally, biotite-bearing porphyritic Largentière granite (49B) from the Ligne Valley near Largentière was selected to date the coeval vaugneritic intrusion. Rock samples were crushed using standard techniques (jaw crusher, disc mill) and the powder fraction <500 µm was kept. Zircons and monazites were concentrated using heavy liquids (tetrabromoethane and diiodomethane), an isodynamic Frantz separator, and then hand-picked under a binocular microscope, mounted in epoxy resin, and polished to an equatorial grain section. Analytical work was carried out in the Laboratoire Magmas et Volcans (Clermont-Ferrand). Minerals were imaged by cathodoluminescence using a Jeol JSM-5910 MEB and U-Pb analyses were conducted in situ by LA ICP-MS with an Agilent 7500ICP-MS coupled to a Resonetics M-50E 193 nm ArF Excimer laser system. Ablation spot diameters of 26 µm and 7 µm with repetition rates of 3 Hz and 1 Hz were used for zircon and monazite, respectively. Data were corrected for U-Pb fractionation and the mass bias by standard bracketing with repeated measurements of the GJ-1 zircon (Jackson et al. 2004 ) and the Moacyr monazite standards (Gasquet et al. 2010) . Repeated analyses of the same standards treated as unknowns were used to control the reproducibility and accuracy of the corrections. Data reduction was carried out with the GLITTER ® software package developed by Macquarie Research Ltd. (Jackson et al. 2004 
results
Orthogneiss-hosted vaugnerite 29A (Pont de Bayzan) yielded only a limited amount of small (around 50 µm), yellowish U-rich zircons (c. 2,000-5,000 ppm). Consequently, most analyses are highly discordant and contain large amounts of common Pb (Tab. 2). A regression line can be established by the combination of the oldest and least discordant points together with discordant data toward common Pb composition at about 300 Ma. In the Tera-Wasserburg diagram (Tera and Wasserburg 1972; Fig. 3a) , the data define a trend with a lower intercept at 294 ± 3.9 Ma. Samples 39 (Loubaresse) and 42 (Meyras) yielded more zircon grains (Tab. 2). The c. 300-700 ppm U contents and a larger number of data allow better definition of the crystallization ages: 307.4 ± 1.8 Ma for Loubaresse (39) and 305.8 ± 2.3 Ma for Meyras (42) (Fig. 3b-c) .
A similar, complex pattern where the analytical points are characterized by discordance associated to common Pb contribution is observed in the metaluminous Largentière granite 49B (Fig. 4a) . As for 29A, we interpret the analytical data as defining a discordia with a lower intercept age of 304.1 ± 6.3 Ma. The latter is similar, within error, to the ages obtained previously for the Mont-Lozère Complex (Brichau et al. 2008; François 2009 ), confirming that the Largentière granite is part of the Lozère-Borne Pluton, the age of which appears to be younger than the previously assumed D 3 timing (Weisbrod 1970) . No zircon inheritance is recorded in this granite in accordance with its metaluminous character (Bea et al. 2006) .
Cathodoluminescence imaging of zircons from the peraluminous Tanargue granite (sample 55) reveals the presence of bright cores surrounded by darker rims, interpreted as inherited cores and magmatic overgrowths during granite formation. The data allow better definition of a discordia line (Fig. 4b) , with a lower intercept at 303.9 ± 6.5 Ma, that we interpret as the crystallization age.
Both the main cordierite-bearing Velay granite (20B), and the apparently cross-cutting Peyron granite (15D), also have inherited cores and younger rims. Although some zircon analyses tend to be more concordant than in the other samples, the points scatter along the concordia ( Fig. 4c and d ) and do not allow definition of a proper crystallization age. On the other hand, euhedral, yellowish monazites were extracted from both samples and provided well-constrained, concordant UTh-Pb ages of, respectively, 305.9 ± 1.4 and 303.7 ± 3.1 Ma (Fig. 5) . Inherited cores range in age from 470 to 2100 Ma; the meaning of distinct inheritance patterns in each of the granitic sample is discussed in section 5.3.
Discussion
Chronological framework of the mafic magmatism
Vaugneritic magmatism has been dated either directly, or by using coeval felsic magmas, which allows definition of a better-constrained age. We emphasize that, in this study, the granite samples were taken in close vicinity (< 1 m) to the "target" mafic bodies, with clear magmatic contacts ( Fig. 2 and Appendix 1) and common mingling features. The ages obtained in either case are very consistent and indistinguishable within error (from 303.7 ± 3.1 to 307.4 ± 1.8 Ma).
Ages of c. 315 Ma previously obtained by ID-TIMS on vaugnerites from the Southern Velay (Ait Malek 1997) could not be reproduced in this study. We re-dated two of the bodies studied by Ait-Malek (1997) , at Loubaresse (39) and Meyras (42). At Loubaresse, we found a younger age of 307.4 ± 1.8 Ma. We believe the older 313 ± 3 Ma age to be an artefact of the ID-TIMS method: the dissolution of large zircon fractions may not allow unravelling of complex patterns of lead loss such as observed in the vaugnerites. Indirect confirmation of this interpretation is provided by the c. 305 Ma age obtained by Ait Malek on coeval granites at Loubaresse. At Meyras on the other hand, our age (305.8 ± 2.3 Ma) is indistinguishable from the TIMS age (308 ± 6 Ma) of Ait Malek (1997) . Collectively the evidence suggests that the emplacement of the vaugnerite-granite association occurred at 305 Ma, both at Loubaresse and Meyras -and elsewhere in the Southern Velay.
The meaning of the Permian age (294 ± 3.9 Ma) at Pont de Bayzan (sample 29A) is rather unclear. As a re- Tab. 2 LA-ICP-MS U-Pb data for monazite and zircon from seven samples. Uncertainties are given at two sigma level. sult of their very high U content, these metamict zircons may be systematically discordant and consequently the 294 Ma age would only be a minimum estimate. On the other hand, Pont-de-Bayzan is located close to the major La Souche Fault (Fig. 1) that also controlled the formation of the Stephanian Jaujac Basin (Weisbrod 1970) . It can therefore be proposed that (a) this fault remained active until the Permian, draining the last mantle-derived magmas into the upper crust (see Scarrow et al. 2011) . Indeed, the emplacement of at least some of the Pont-deBayzan bodies was clearly fault controlled ( Fig. 2 and Appendix). Perhaps more likely, (b) the fault activity was associated with fluid circulation and perturbation of the isotopic system, an interpretation consistent with the scattering of the U-Pb data for this sample.
Concentrations
Host control on mafic magmas emplacement
In previous studies (Aït Malek 1997) , the different shapes of vaugnerite bodies were considered to reflect successive magma batches and were used to discriminate between early, D 3 -related, and late, D 4 -related, intrusions. However, such an interpretation is not consistent with the undistinguishable within error ages obtained, regardless of the nature of the country rocks and degree of deformation of the vaugnerites. The various intrusions forms may be explained primarily by the contrasting rheological properties of the host. In partially molten systems, the melt fraction has a considerable impact on the rheology of the rock (e.g. Arzi 1978; Vigneresse et al. 2008; Vanderhaeghe 2009 into diatexitic paragneisses form round, apparently undeformed masses.
the source of Southern Velay granites
Although all the granites in our study area are nearly coeval, contrasting zircon inheritance patterns reveal that they were derived from distinct sources. The Peyron granite (a late phase of the Velay Complex) appears to have been generated from an old Cadomian crust, with a dominant c. 600 Ma peak (Fig. 6) 
long-lived crustal melting and catastrophic granite production
A compilation of U-Pb zircon and monazite magmatic ages available in the area (Fig. 7) shows that the great majority of granite plutons (excluding the early Rocles granite) were emplaced at around the same time. Both the late-granites from the Tanargue suite and the supposed "pre-Velay" Mont Lozère-Borne-Largentière granite intruded within the same short period as the main Velay granite, i.e. at c. 305 Ma. However, the zircon age pattern of the Velay granite reveals the presence of Early Carboniferous zircons (~320 Ma), in addition to the older (source-related?) zircons (Fig. 6 ). This demonstrates that the main regional granitic event, the "M 4 " HT crustal anatexis (Barbey et al. 1999; Ledru et al. 2001 of pre-Velay (M 3 ) anatexis spanning between 335 and 310 Ma (Fig. 7) . The M 3 event is recorded by the early "Velay" zircons, the Rocles granite (Be Mezeme et al. 2007 ) and the "low-temperature" (biotite stable; Montel et al. 1992) anatexis of the regional paragneisses (Mougeot et al. 1997; Be-Mezeme et al. 2005; Cocherie et al. 2005; Be Mezeme et al. 2006) . Available data (Fig. 7) suggest that the M 3 melting was rather long-lived (> 20 Ma), but did not result in the formation of large granitic bodies; melt remained confined to migmatites and was rarely extracted and transferred into true plutons. A similar pattern has been described in other segments of the Variscan belt, such as Central Spain (Montero et al. 2004) or Calabria (Schenk 1990; Graessner et al. 2000) , suggesting that this process occurred throughout the whole Variscan belt. The M 3 and M 4 events, therefore, were very distinct. During M 3 anatexis, melt mostly remained trapped in its source. In contrast, during M 4 , melt was extracted and collected in plutons. This difference most likely relates to temperature, which was some 50-100 °C higher during M 4 . A higher temperature has two important consequences. Firstly, it results in a higher degree of anatexis that may be enough to bring the partially molten crust above the "Rheologically Critical Melt Percentage", (RCMP; Arzi 1978; Rosenberg 2001; Vigneresse and Burg 2004) above which the partially molten rocks behave as liquids, rather than solids. Secondly, the onset of biotite breakdown causes the disruption of the solid framework of melanosomes that holds the liquid in poorly connected leucosomes (Barraud et al. 2004 ). When these biotite-dominated layers collapse, the connectivity of the melt network suddenly increases, allowing melt extraction and formation of true plutons. Therefore, even the moderate heating at the M 3 -M 4 transition may have been sufficient to cause a major shift in the overall mechanical behaviour of the crust.
Vaugnerites and the M 3 -M 4 transition
The M 3 -M 4 transition corresponded to moderate heating that resulted in an important rheological and tectonic change. The vaugnerites emplaced at this very moment and it is therefore clear that they are somehow related to this catastrophic process. Yet, their exact role remains unclear. Vaugnerites could be the actual cause: a sudden influx of mafic magmas in the already molten crust could have supplied enough heat to trigger the M 3 -M 4 transition. Estimating the total volume of vaugnerites is difficult, because they crop out as rather common, but small, bodies. Therefore, it is hard to decide whether they are a volumetrically minor, or significant, component; and how much heat they could have transferred to the crust. Alternately, vaugnerites could just be the result of the same process that independently caused the heating of the crust: slab breakoff (Davies and von Blanckenburg 1995; van de Zedde and Wortel 2001; Atherton and Ghani 2002; Janoušek and Holub 2007) , delamination of a lithospheric mantle root (Houseman et al. 1981; Houseman and Molnar 2001; Molnar and Houseman 2004) or orogenic collapse (England and Thompson 1984; Malavieille et al. 1990; Gardien et al. 1997; Rey et al. 2001; Vanderhaeghe and Teyssier 2001) . All these processes would result in sudden heating of the crust, as well as concomitant generation of mafic melts (Arnold et al. 2001; Clark et al. 2011; Lexa et al. 2011 ).
the hot late Variscan crust
It is worth pointing out that M 4 corresponded to fairly extreme geothermal gradients: 800 °C for 2-5 kbar, i.e. 50-130 °C/km. It is, of course, totally unrealistic to extrapolate these gradients through the whole crust (as this would imply a Moho temperature greater than 1 500 °C). Therefore, the geotherm in the lower portions of the crust during M 4 times must have been much steeper, with a lower dT/dP. A similar "Z-shaped" geotherm has been advocated for "ultra-hot" orogens, such as those found in the Proterozoic or Archaean (Depine et al. 2008 , Chardon et al. 2009 ). During at least a short period of its history, the Variscan belt was, in many respects, similar to such ultra-hot orogenic domains.
Conclusions
This work presents some of the first in-situ (LA-ICP-MS) ages for the southern French Massif Central granites and vaugnerites. Most of them were emplaced during a short time period at c. 305 Ma. This massive event of melting and catastrophic collapse of the orogenic crust followed a long-lived period , during which the crust was partially molten but melts remained trapped and were not extracted to form granitic plutons. Crustal melting reached a climax at 305 Ma linked to a temperature increase that provoked biotite breakdown, thus leading to emplacement of the main cordierite-bearing Velay granite. This M 4 event of granite production was synchronous with intrusion of Mg-K mafic mantle-derived magmas in the middle crust. The catastrophic destabilization of the partially molten Variscan crust led to massive melt extraction from various crustal sources (older ortho-and paragneisses, newly emplaced vaugnerites), and so to the formation of numerous granitic plutons. It remains unclear whether the coeval Mg-K magmatism acted as a trigger for the eventual orogenic collapse or was just an expression of the HT regime. However, it is a key marker of the end of orogenic periods.
